Objective-Interleukin-8 (IL-8) is a soluble human-specific chemokine implicated in the development of the chronic inflammatory disease atherosclerosis. Recently, we showed that atheroprone hemodynamics induced IL-8 secretion from endothelial cells (ECs) concurrent with increased EC/smooth muscle cell (SMC) VCAM-1 expression in a human hemodynamic coculture model. Despite an IL-8 association with inflammation, we show here that blocking IL-8 activity during atheroprone flow resulted in increased levels of EC/SMC VCAM-1 expression. We tested the hypothesis that IL-8 limits SMC VCAM-1 expression in response to inflammatory stimuli, either atheroprone flow or cytokine interleukin-1␤ (IL-1␤) addition.
I nitiating phases of atherosclerosis in large arteries are marked by chronic inflammation and are localized to hemodynamically defined geometries where blood flow is both compromised and disturbed. Chemokines and cytokines are locally secreted in "atheroprone" regions and are known to play important roles in driving the inflammatory response (for reviews see Tedgui and Mallat 1 and von der Thüsen et al 2 ). Endothelial cells (ECs) and smooth muscle cells (SMCs) can both contribute and respond to cytokine production, thus promoting atherosclerosis. Recently, we demonstrated using a novel in vitro EC/SMC coculture hemodynamic flow system that the human chemokine interleukin-8 (IL-8/CXCL8) is secreted at higher levels by ECs exposed to an atheroprone flow environment, compared to atheroprotective flow. 3 Also, atheroprone flow caused ECs/SMCs to undergo inflammatory priming, whereby the adhesion molecule, vascular cell adhesion molecule-1 (VCAM-1), was upregulated in both cell types compared to atheroprotective flow.
VCAM-1 expression, often resulting from NF-B signaling, is observed in intimal SMCs in humans, in vivo animal models and cultured SMCs by inflammatory cytokines, including IL-1␤. 4 -10 A recent study examined VCAM-1 expression in mouse intimal cells in the lesser curvature (ie, atheroprone) of the aortic arch and determined that VCAM-1 levels were significantly higher compared to the greater curvature (ie, atheroprotective) region. 11 Cai et al showed leukocytes bound to SMCs were more antiapoptotic attributable in part to SMC VCAM-1 expression. 12 SMC VCAM-1 expression may be important for trapping monocytes within a developing lesion. 13, 14 Furthermore, the inflammatory SMC phenotype is differentially regulated by specific collagen matrix components, 11, 15 and SMC VCAM-1 expression has been linked to proliferation 16 and migration. 17 IL-8 is an ELR (glutamic acid-leucine-arginine) CXC chemokine, expressed in humans, but not rodents, and is known to activate neutrophils. 18 IL-8 is implicated in atherosclerosis via leukocyte attraction and induction of firm adhesions of monocytes to endothelium localized to developing lesions. 19 -21 Production of IL-8 in ECs occurs under inflammatory conditions, including stimulation with potent inflammatory mediators such as IL-1␤, TNF-␣, and exposure to "atheroprone" shear stresses. 20, [22] [23] [24] [25] IL-8 induction is associated with proinflammatory stimuli and disease processes in vivo; however, direct localized inflammatory effects of this molecule on the vasculature are largely unexplored. 26, 27 Because rodents do not express IL-8, further understanding its role in atherosclerosis has been challenging.
We currently demonstrate that blocking IL-8 activity in our hemodynamic coculture system further enhances human EC/ SMC VCAM-1 protein during atheroprone flow and that IL-1␤-induced VCAM-1 in monocultured SMCs can be inhibited by costimulation with IL-8. Contrary to our hypothesis that IL-8 has proinflammatory effects on the vasculature, we show herein that IL-8 limits SMC VCAM-1 expression in response to inflammatory stimuli by reducing activation of p38 and NF-B, and thereby decreasing VCAM-1 expression and suppressing monocyte adhesion.
Methods
Please see http://atvb.ahajournals.org for expanded Methods section.
Human Cell Culture and Hemodynamic Flow Model
Human EC/SMC cell culture and coculture plating conditions were used for flow experiments and performed as previously described. 3 The two hemodynamic flow patterns were run in parallel for each EC/SMC subpopulation, or identical flow patterns were run in parallel in the presence or absence of a treatment condition.
IL-8 Inhibition During Flow
Cocultured ECs/SMCs were incubated with IL-8 antisera (1:300) raised in rabbit, donated by R.M. Strieter, MD (University of Virginia, Charlottesville) or with normal rabbit serum control, 10 minutes before the onset of atheroprone or atheroprotective flow and throughout the duration of the experiment. IL-8 siRNA (ON-TARGETplus SMARTpool, Thermo Scientific Dharmacon) was optimized in HUVECs (EC-siIL8) using Oligofectamine Reagent (Invitrogen) and Optimem Media.
Results

Human Coronary Arteries Express VCAM-1 and CXCR2 in All Vessel Layers
Whereas previous literature established the general presence of SMC VCAM-1 expression in human atherosclerotic tissue, 7 we wanted to focus on the correlation between coexpression of VCAM-1 and SMCs in the neointima and medial layers as a function of intimal thickness. Cross-sections of human coronary arteries (nϭ10 patient samples) were analyzed for VCAM-1 expression in ECs and in intimal/medial layers. Distinct VCAM-1 expression was observed in ECs and intimal and medial regions ( Figure 1A and 1B). In general, VCAM-1 was regionally heterogeneous across the tissue and each vascular cell type. In regions where SMCs expressed higher levels of VCAM-1, intimal thickening was present. Similarly, when the intima remained thin, VCAM-1 was not expressed in the deeper layers of the vessel wall.
Smooth muscle ␣-actin (SM␣A) staining demonstrated that SMCs were present in the intima, in addition to the media and this SM␣A expression colocalized with VCAM-1 ( Figure  1C ). To understand how IL-8 signaling may be influencing VCAM-1, expression of CXCR2, a receptor which binds IL-8, was also identified in ECs and intima/media layers of the vessel wall ( Figure 1D ); however, no correlation between intimal thickness and CXCR2 expression patterns was observed. See supplemental figure for additional images (supplemental Figures I through IV). Data suggest that local secretion and signaling of IL-8, rather than differential CXCR2 expression, may regulate the differential VCAM-1 expression.
Atheroprone Hemodynamics Cause Increased Monocyte Binding to ECs/SMCs
Our previous work showed that atheroprone flow induced the expression of VCAM-1 in both ECs and SMCs, relative to atheroprotective flow. 3 VCAM-1 is known to play a role in monocyte adhesion. 29, 30 To demonstrate a functional consequence of this response, monocyte adhesion studies were performed after exposure of the EC/SMC coculture to 24 hours of flow. After cessation of shear stress, labeled MM6 monocytes were seeded on to the EC or SMC layer and examined for number of bound monocytes. Atheroprone flow exhibited 2-fold greater monocyte adhesion to ECs and SMCs compared to atheroprotective flow (Figure 2A and 2B), a response attenuated on incubation with a VCAM-1 blocking antibody ( Figure 2B) . Although it is possible that cessation of flow caused VCAM-1 degradation and thus reduced monocyte adhesion, it is unlikely since the half-life of VCAM-1 is on the order of hours. [33] [34] [35] This is the first model to directly compare this functional consequence after atheroprone and atheroprotective flow on cocultured ECs/SMCs.
Blocking Interleukin-8 During Atheroprone Flow Enhances SMC VCAM-1 Expression
Previous work further established greater amounts of ECsecreted IL-8 at 24 hours of atheroprone relative to atheroprotective flow. 3 To test whether atheroprone flow-induced secretion of IL-8 is regulating vascular cell VCAM-1 expression, flow was applied to the coculture system for 24 hours in the presence of IL-8 antisera or control serum. The IL-8 antisera during atheroprone flow enhanced VCAM-1 mRNA by 2.86-fold ( Figure 3A ). Myocardin was reduced by 25% because of IL-8 antisera and atheroprone conditions, but SM␣A was not significantly downregulated ( Figure 3A ). Myocardin is a critical transcription factor required for serum response factor (SRF)-dependent transcription of SMC differentiation markers containing CArG cis elements in their promoters. 36 Changes in myocardin suggest that cell remodeling is still occurring at this time point. In contrast, no change was observed for SMC myocardin or VCAM-1 expression in response to atheroprotective flow with IL-8 antisera, though SM␣A was downregulated ( Figure 3A) . The discrepancy between changes in SM␣A and myocardin are unexpected, but could be attributable to other factors inhibiting or competing against myocardin binding to SRF, (ie, KLF-4, Elk-1). Interestingly, blocking IL-8 activity during atheroprone flow further enhanced VCAM-1 protein expression in both ECs and SMCs, indicating that IL-8 may be serving to limit the extent of inflammation ( Figure 3B ).
Interleukin-8 Limits the Interleukin-1␤-Induced SMC Inflammatory Response
To understand how IL-8 might be influencing the SMC VCAM-1 expression, studies were performed with human SMC monocultures. Previous work demonstrated that IL-1␤ induced VCAM-1 expression in vascular SMCs 14 and caused IL-8 secretion in airway SMCs. 37 We examined the release profile of IL-1␤-treated human vascular SMCs to establish the amount and timing of IL-8 intervention. ELISA analysis showed IL-8 secretion at levels 5.5-fold greater than control after 24 hours, with sustained levels at 48 hours ( Figure 4A ).
To determine the effect of IL-8 on cytokine stimulated SMCs, cells were treated with IL-1␤, IL-8, or the combination to understand the temporal regulation of VCAM-1 expression. At the mRNA level, IL-1␤ caused significant VCAM-1 upregulation by 4 hours. At 24 hours, VCAM-1 mRNA returned to basal levels ( Figure 4B ). IL-8 alone did not induce VCAM-1 expression. Changes in myocardin and SM␣A were also analyzed, where only myocardin was significantly reduced by 39% at 4 hours after IL-1␤ treatment (supplemental Figure V) .
At the protein level, 4 hours of treatment with IL-1␤ and IL-1␤/IL-8 induced VCAM-1 expression, by 2.33 and 2.16fold, respectively; however, no significant differences were observed between the conditions ( Figure 4C ). The most dramatic response was observed after 24 hours of IL-1␤/IL-8 treatment, which reduced VCAM-1 levels by 42.6% relative to IL-1␤ treatment alone ( Figure 4C ). By 48 hours, VCAM-1 expression returned to basal levels for all conditions. Analysis in ECs showed no change in VCAM-1 expression for the IL-1␤/IL-8 condition compared to IL-1␤ alone after 24 hours at the same and higher (100 ng/mL) concentrations of IL-8, indicating SMC-specific responsiveness ( Figure 4D ). SMCs exposed to IL-1␤ increased monocyte adhesion, inhibited by the presence of exogenous IL-8 ( Figure 4E ), demonstrating a functional role for IL-8 to reduce monocyte adhesion to SMCs in the presence of inflammatory mediators.
Interleukin-8 and Interleukin-1␤ Do Not Promote SMC Proliferation or Migration
Because IL-8 has a role in resolving the SMC inflammatory response, proliferation and migration resulting from IL-8 combinatorial signaling were also investigated. Growth arrested SMCs were treated with 10%FBS, IL-1␤, IL-8, or IL-1␤/IL-8 for 24 hours. Cells were analyzed for proliferative responses via flow cytometry or for chemotactic responses via Boyden Chamber assays. Cells treated with 10% FBS both displayed strong induction of proliferation and migration at this time point; however, the effects of IL-1␤, IL-8, or IL-1␤/IL-8 were modest and remained insignificant, near control levels ( Figure 4F and 4G ).
CXCR2 Signaling Promotes IL-8 Resolution of VCAM-1
IL-8 binds to 2 G protein-coupled receptors, CXCR1 and CXCR2, 38 both expressed by airway SMCs. 27 We tested the hypothesis that blocking CXCR2 will potentiate the IL-1␤induced expression of VCAM-1 (ie, block the IL-1␤/IL-8 reduction in VCAM-1). Blocking CXCR2 via neutralization abolished IL-8 -induced ERK phosphorylation, an established response to IL-8 ( Figure 5A ). SMCs were treated with IL-1␤ and CXCR2 antibody for 24 or 48 hours. Blocking CXCR2 in the presence of IL-1␤ further enhanced VCAM-1 expression by 24 hours compared to IL-1␤ treatment alone ( Figure 5B ). This is in direct contrast to the response of IL-1␤ and IL-8, where VCAM-1 was reduced by 42.6% compared to IL-1␤ alone, as previously shown above in Figure 4C . Further, SMCs were treated with the CXCR2 antibody in the presence of IL-1␤/IL-8. This combinatorial response no longer reduced VCAM-1 expression under these conditions, and instead caused a 1.76-fold induction from IL-1␤ ( Figure 5C ). We tested the specificity of the CXCR2 receptor for the observed responses using a different CXCR2-specific ligand, Gro-␣. Of interest, the combination of Gro-␣ and IL-1␤ did not show a reduction in VCAM-1 expression by 24 hours ( Figure 5D ). Data show CXCR2 can attenuate IL-1␤-mediated VCAM-1 expression modulated by IL-8.
IL-8 Attenuates IL-1␤-Induced p38 and NF-B Activation
IL-1␤ upregulates VCAM-1 in part, because of activation of MAPK signaling molecule p38, shown previously in human tracheal SMCs. 4 In the current monoculture system with vascular SMCs, p38 inhibition (SB202190) reduced VCAM-1 expression in response to IL-1␤ ( Figure 5E ). We hypothesized IL-8 may be blocking IL-1␤-induced VCAM-1 expression by reducing p38 activation. Combined effects of IL-1␤ and IL-8 yielded a 25% reduction in phospho-p38, compared to IL-1␤ alone ( Figure 5F ), which is on the same order of reduction of VCAM-1 expression attributable to IL-1␤/IL-8 treatment. Additionally, as IL-1␤ is known to activate the inflammatory transcription factor NF-B, SMCs treated with IL-1␤/IL-8 reduced Ad-NF-B-luc activity after 9 hours, as did SB202190, consistent with the downstream changes in VCAM-1 ( Figure 5G ). Further, blocking CXCR2 
Knockdown of IL-8 in Endothelial Cells Enhances Atheroprone-Induced VCAM-1 Expression
To determine whether EC-derived IL-8 caused atheroprone regulation of SMC VCAM-1 expression, EC expression of IL-8 was knocked down using IL-8 specific siRNA oligonucleotides. IL-8 siRNA was optimized at the mRNA and protein levels by treating transfected ECs with IL-1␤ and comparing to nonstimulated controls. Figure 6A shows a 65% reduction of IL-8 mRNA, and Figure 6B shows a 72% knockdown of secreted IL-8 in response to IL-1␤ stimulation for 4 hours compared to control.
Optimal EC-siIL8 conditions were used in the EC/SMC coculture model. EC-siIL8 exposed to atheroprone flow upregulated VCAM-1 1.6-fold and 2-fold in SMCs and ECs, respectively, compared to control ( Figure 6C ). Downregulation of IL-8 by ECs showed transfection efficiency maintained throughout the flow experiment, which was on average 65% knockdown of expression. EC-siIL8 did not significantly influence SMC IL-8 mRNA levels (Pϭ0.35).
Discussion
During atherogenesis, EC/SMC cross-communication via secreted paracrine factors is proposed to promote the chronic inflammatory response localized to hemodynamically compromised regions of arteries. As shown previously, VCAM-1 is expressed in human SMCs in proximity to human ECs exposed to atheroprone flow 3 and IL-8 was upregulated and secreted at higher levels by ECs exposed to atheroprone flow. 3 The functional role of IL-8 in regulating vascular cell phenotype is unknown. A major challenge for the field is that the cytokine IL-8 is not expressed in rodents. Thus, we used a model that recalibrates human in vivo vascular cell phenotypes in vitro to unmask a novel role for IL-8 in regulating SMC phenotype. Herein, we show that IL-8 attenuates a proinflammatory SMC phenotype by reducing VCAM-1 expression via CXCR2, p38, and NF-B mechanisms. We also demonstrate that atheroprone flow induces VCAM-1-dependent monocyte adhesion.
The proinflammatory phenotype promoted during atheroprone flow translated to observations of VCAM-1 in human coronary artery tissue. Strong expression of VCAM-1 was confined to intimal/medial regions of human coronary arteries, coinciding with intimal thickening in arteries of patients. The current study is, to our knowledge, the only one showing distinct heterogeneous VCAM-1 expression in entire crosssections of human intimal and medial layers, colocalizing with SM␣A-positive cells.
To understand the role of IL-8 on VCAM-1 expression in SMCs, we performed monoculture experiments where cells were activated via IL-1␤. IL-8 decreased IL-1␤-induced VCAM-1 protein more quickly than when cells are treated with IL-1␤ alone. Further, VCAM-1 downregulation occurred via CXCR2 and reduced p38 activation. This is the first report of an IL-8 role in influencing adhesion molecule expression in any cell type. Unmasking the role of IL-8 in atherogenesis is experimentally challenging because mice do not express IL-8. Results herein support the hypothesis that upregulation of IL-8 serves, in part, to maintain overall lower levels of SMC VCAM-1 via reduced p38 and NF-B activation, thus reducing monocyte adhesion. IL-1␤ is a wellestablished activator of NF-B, and thus VCAM-1, in SMCs; however, it was previously unknown that IL-8 can reduce NF-B activity when combined with an inflammatory stimulus. Others have reported that inhibition of p38 activation can reduce NF-B activity in human tracheal SMCs. 4, 39 This response in our monoculture system further supports this mechanism by which IL-8 is acting to reduce VCAM-1 expression.
SMC phenotypic modulation in response to shear stress exposure on ECs has not been widely explored. 3, 40 One recent study analyzed SMC paracrine effects on EC adhesion molecule expression, where ECs presheared with high steady flow (12 dynes/cm 2 ) for 24 hours were subsequently cocultured with SMCs after cessation of flow. Authors concluded E-selectin expression induced by culturing SMCs with ECs occurred via IL-6 -and IL-1␤-dependent mechanisms. 40 Although these findings are interesting, this model used methods with potentially confounding factors, including a lack of physiological recapitulation, no serum withdrawal conditions for SMCs, and short time between plating and experimentation. On examination of IL-1␤ secretion by ELISA in our flow system (data not shown), we observed no detectable levels of the cytokine, which we suggest is attributable to a more quiescent SMC phenotype.
The effects of IL-8 on EC adhesion molecule expression in the context of inflammation were also examined. We observed similar results where blocking IL-8 activity (IL-8 antisera) or attenuating its secretion (EC-siIL8) enhanced EC VCAM-1 during atheroprone flow. This was interesting because the EC response to IL-1␤/IL-8 treatments under static conditions had no effect in comparison, revealing the significance of studying EC/SMC communication in the presence of physiologically relevant hemodynamics. We anticipate similar mechanisms exist for EC/SMC responses to flow-induced inflammation, demonstrating that IL-8 may play a more important role than previously appreciated.
Interestingly, despite its association with inflammation, IL-8 protective effects have been described in several studies, specifically examining the response of IL-8 on neutrophil adhesion to ECs. 22, 41, 42 IL-8 reduces neutrophil binding to IL-1␤ activated ECs, thus promoting antiinflammatory effects, 41 and inhibition of neutrophil adhesion could be ex-plained by an IL-8 role to reduce adhesion molecules on ECs. The cytokine IL-6, often upregulated simultaneously with IL-8, has been shown to be atheroprotective. IL-6 ϩ/Ϫ and IL-6 Ϫ/Ϫ mice crossed with ApoE ϩ/Ϫ mice resulted in increased lesion formation, coinciding with increased macrophages and reduced SMCs. 43 Increased serum levels of soluble VCAM-1 were detected in ApoE ϩ/Ϫ -IL-6 Ϫ/Ϫ . Clearly, the role of IL-8 may be dual in its capabilities of promoting and protecting against inflammation, and the current study further emphasizes the complexity of this chemokine.
The hemodynamic environment is known to prime ECs/ SMCs toward an inflammatory phenotype, but we now understand a previously unknown compensatory mechanism involved in limiting inflammation via paracrine effects between these 2 cell types. We have described a novel role for IL-8 to limit IL-1␤-induced VCAM-1 expression via reduction of p38 and NF-B activation, without alteration of contractile, migratory, or proliferative phenotypes. We speculate IL-8 induction is one of many pathways that has evolved to maintain homeostasis in the blood vessel wall, and such pathways will continue to unfold as we further our understanding of human EC/SMC communication in systems that recreate critical components of the human vasculature, including EC/SMC spatial orientation and critical hemodynamic environments. In conclusion, the induction of IL-8 in response to atheroprone hemodynamics may maintain lowered levels of VCAM-1, preventing further inflammation localized to the vessel wall during atherogenesis.
